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We describe the typiﬁcation of polar compounds of twelve cuts obtained from a true boiling point system.
 We examine changes in the cuts composition by ESI() FT-ICR MS analysis.
 A correlation between the composition and TAN, total sulfur and the corrosion process was performed.
 The structures of some naphthenic acids, phenols and pyridines were conﬁrmed using ESI(±)-MS/MS.a r t i c l e i n f o
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In this work, electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry
(ESI(±)-FT-ICR MS) was applied in the chemical characterization of polar compounds. These compounds
were identiﬁed as the oxygen-containing compound classes (naphthenic acids, O2 class, and phenols, O1
class), the sulfur-containing compound classes (mainly sulﬁdes, S1 class), and the basic and non-basic
nitrogen-containing compound classes (carbazoles and pyridines, N class). For access the sulfur-
containing compounds were employed the methylation reactions. As the increasing of distillation cut
temperature, the amount of O2 compounds increased (from 9 for cut 2 to 66 for cut 12), and the average
molecular weight distribution, Mw, shifted to higher m/z values (Mw = 169? 321 Da). These results were
consistent with the increase of TAN with the boiling point. Plots of the DBE versus the carbon number for
the O2 class of heavy distillation cuts (cuts 4–12) suggested a maximum abundance of the carbon num-
bers located at C12–C18 with a constant DBE of 3. For the nitrogen-containing compounds, 100 com-
pounds were detected with m/z ranging from 160 to 414. Similar to O2 class, the amount of nitrogen
species increased, and theMw shifted for high values in function of distillation cut temperature: 6 species
andMw = 206 Da for cut 3; and 64 species andMw = 340 Da for cut 12. The structures and the connectivity
of naphthenic acids, phenols and pyridines were conﬁrmed using ESI(±)-MS/MS. The most abundant sul-
fur compounds in heavy distillation cuts presented a carbon number of C23 (for cut 11) and C25 (for cut
12) with constant DBE of 3. Results of ESI(±)-FT-ICR MS contributed to the understanding of the chemical
composition of Brazilian crude oil and the establishment of a correlation with the corrosion process.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The chemical composition of crude oil consists predominantly
of hydrocarbon compounds such as naphthenes, parafﬁns, and aro-matic hydrocarbons (90%). The remainder (10%) consists of po-
lar compounds containing N, O, and S heteroatoms and metal
atoms (only vanadium and nickel exist at concentrations >1 ppm)
[1]. Despite the small percentage of polar compounds, approxi-
mately 20,000 polar organic compounds with different elemental
compositions (CcHhNnOoSs) have been found in crude oil [2]. These
polar compounds sometimes cause problems during the produc-
tion, reﬁning and storage of petroleum. These problems include
corrosion, the formation of emulsions, the poisoning of catalysts,
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characteristics, and contamination. Oil consumption is continu-
ously growing, which creates the demand to use the limited oil res-
ervoirs and the heavier fractions more efﬁciently. Therefore, it is
extremely important to know the composition of crude oils from
different origins to optimize the reﬁning processes.
Among the polar components of petroleum that contain hetero-
atoms, naphthenic acids and phenols are the two most common
oxygen-containing compound classes in crude oil. There are other
minor acidic classes, such as aromatic, oleﬁnic, hydroxyl, and diba-
sic acids [3]. Naphthenic acids are deﬁned as carboxylic acids that
include one or more saturated ring structures, with ﬁve- and six-
membered rings being the most common. In addition to the ring-
containing acids, linear carboxylic acids are often included in the
naphthenic acid class [4]. Naphthenic acids are known to be a sig-
niﬁcant source of corrosion in oil-reﬁning equipment [5]. Corrosion
is associated with the total acid number (TAN), which is deﬁned as
the mass of potassium hydroxide (KOH) in milligrams required to
neutralize 1 g of crude oil. However, it has been argued that there
is no clear correlation between the TAN and the level of corrosion
[6,7].
Recently, there has been growing interest in the chemical char-
acterization of naphthenic acids and sulfur species from crude oils
and its distillation cuts because of the problems that these compo-
nents have caused for the oil reﬁnery business [8]. These com-
pounds induce corrosion in regions of the reﬁneries that operate
at temperatures above 100.0 C. Sulfur compounds are the most
notorious and undesirable petroleum contaminants, and a large
portion of these compounds can be transferred to diesel oil during
reﬁning process. In general, sulfur appears in the form of hydrogen
sulﬁde, organic sulﬁdes and disulﬁdes, benzothiophene, dibenzo-
thiophene, and their alkylated derivatives [9]. Upon diesel combus-
tion, sulfur compounds are converted to sulfur oxides (SOx), which
contribute to acid rain and environmental pollution [10]. Although
environmental regulation has been applied in many countries to
reduce the sulfur levels in diesel and other fuels, sulfur removal
still represents a major operational and economic challenge for
the petroleum reﬁning industry.
Other well-known polar components in petroleum are the neu-
tral and basic nitrogen species. The non-basic nitrogen compounds
usually include pyrrole, indole, carbazole, and their alkylated
derivatives, and these compounds correspond to less than 30% of
all organic nitrogen compounds [11]. The basic nitrogen com-
pounds include amines, aniline, pyridine, quinoline, benzoquino-
line, and their alkylated and hydrogenated derivatives. It is well
known that the presence of the nitrogen compounds in liquid
hydrocarbon streams, even at very low concentration, strongly
deactivates the catalysts that are used in the fuel-reﬁning pro-
cesses, such as hydrodesulfurization (HDS), hydrodearomatization
(HDA), hydrocracking, and reforming [12]. Therefore, the identiﬁ-
cation and quantiﬁcation of the various nitrogen compounds and
the clariﬁcation of their distribution in different liquid hydrocar-
bon streams are essential to develop either a novel process [13],
more efﬁcient catalysts or more efﬁcient adsorbents for the deni-
trogenation of various liquid hydrocarbon streams and to under-
stand the mechanism in ultradeep HDS, hydrodenitrogenation
(HDN), adsorptive denitrogenation (ADN), and extractive denitro-
genation (EDN) [14].
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) offers the highest available mass resolution, mass
resolving power, and mass accuracy, which enable the analysis of
complex petroleum mixtures on a molecular level [15]. High-reso-
lution MS data have shown that it is possible to discriminate differ-
ent compounds [16–18] because of the different ionization
efﬁciencies of the crude oil constituents [19]. In this study, one Bra-
zilian offshore acidic crude oil sample (TAN = 3.19 mg KOH g1)was submitted to primary characterization using a homemade dis-
tillation process (where the boiling points changed from 100.4 to
372.9 C). Twelve cuts and distillation residues were produced
and characterized according to the density, TAN, total sulfur and
ESI(±)-FT-ICR MS analyzes. The ESI technique is not suitable to de-
tect neutral aromatic compounds such as sulfur compounds. Thus,
the methylation reaction was introduced, and the sulﬁde com-
pounds were converted from the neutral species to methyl sulfo-
nium salts, which can now be easily transferred into the gas
phase in the ESI source [20]. Herein, we apply this approach to
investigate the sulfur compound species in the heavy-boiling-point
cuts and the distillation residue.2. Experiment
2.1. Reagents
Anhydrous propan-2-ol, toluene, potassium hydroxide (KOH,
analytical grades with purity higher than 99.5%), dichloromethane
(CH2Cl2), and silver nitrate (AgNO3) were used for the TAN mea-
surements and the methylation reactions. These chemicals were
supplied by Vetec Química Fina Ltda, Brazil. Ammonium hydroxide
(NH4OH), sodium triﬂuoroacetate (NaTFA), formic acid (HCOOH),
and methyl iodide (CH3I) were purchased from Sigma–Aldrich
Chemicals USA and used for the ESI(±)-FT-ICR MS measurements.
All reagents were used as received.
2.2. Petroleum characterization
A sample of offshore oil from Espírito Santo state (ES), Brazil,
were collected in 2011 and used in this work. The oil was charac-
terized according to the standards of the American Society for Test-
ing and Materials (ASTM) by Laboratory of Petroleum
Characterization of Federal University of Espírito Santo (LabPetro/
UFES-Brazil). A primary characterization was conducted to deter-
mine the density (ASTM D5002-99) [21], the API degree (ASTM
D1298-99) [22], the total acid number (ASTM D664-09) [23], the
kinematic viscosity (ASTM D7042-04) [24], and the total sulfur
(ASTM D4294) analyses [25]. Because the emulsiﬁed water and
sediment value was less than 1.0% v/v, it was not necessary to
dehydrate the crude oil sample. The data obtained from the char-
acterization of crude oil are as follows: density = 0.9541 g cm3,
API degree = 16.2, TAN = 3.19 mg KOH g1, viscosity = 150.45 cSt,
at 40 C, and total sulfur = 0.60 wt% (these information are de-
scribed in more detail in Table 1).
2.3. True boiling point distillation
A homemade distillation process was implemented in accor-
dance with ASTM D 2892 (Standard Test Method for Distillation
of Crude Oil) [26] by LabPetro/UFES (Fig. 1). In general, the labora-
torial distillation process (homemade) has the basic principle of
operation adopted by the Petroleum Reﬁnery Industry. The main
differences relate to loading the crude oil (the reﬁnery operates
in a continuum mode, whereas the laboratorial process has been
conducted in batches). In other words, the furnace is replaced by
a glass ﬂask (Fig. 1). In addition, the differences are related to the
heating rate (in the laboratorial process, the heating rate is con-
trolled by an electric mantle).
In the homemade distillation system, the process starts by sub-
mitting the dehydrate crude oil to a heating rate (from a distilla-
tion ﬂask, see to scheme shown in Fig. 1). The light fraction is
vaporized and separated by a column fractionation that contains
approximately fourteen to eighteen theoretical plates. After lique-
fying the gases, the cuts of distillation (from gasoline to diesel) and
Table 1
Physical–chemical characterization of crude oil, its cuts and distillation residue.
Samples Boiling point range (C) Weight (wt%) Density 20/40 C Sulfur content (wt%) TAN (mg KOH g1)
Cut 1 100.4–170.9 2.15 0.7623 0.02 0.08
Cut 2 170.9–207.5 2.25 0.8207 0.03 0.19
Cut 3 207.5–242.3 2.20 0.8426 0.06 0.45
Cut 4 242.3–262.3 2.13 0.8592 0.09 0.76
Cut 5 262.3–279.4 2.59 0.8704 0.14 1.17
Cut 6 279.4–305.9 2.04 0.8846 0.21 1.36
Cut 7 305.9–315.2 1.90 0.8895 0.26 2.18
Cut 8 315.2–325.0 2.08 0.8959 0,28 3.05
Cut 9 325.0–339.1 2.00 0.9046 0.32 4.13
Cut 10 339.1–354.4 2.18 0.9140 0.38 4.93
Cut 11 354.4–364.2 2.04 0.9201 0.42 5.31
Cut 12 364.2–372.9 2.45 0.9234 0.43 5.43
Crude oil – 100 0.9541 0.60 3.19
Residue >372.9 72.60 0.9854 0.71 3.16
Fig. 1. Illustration of the homemade true boiling point distillation system devel-
oped by LabPetro/UFES/Brazil.
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atmosphere, whereas the cut distillations are collected in a glass
ﬂask located behind the cooler. Finally, the distillation residue re-
mains inside the distillation ﬂask (Fig. 1). Herein, a Brazilian crude
oil sample was submitted to a heating rate from 20 to 373 C at
atmospheric pressure and reduced pressures (from 760 to
0.1 mmHg). In the end, this distillation process produced twelve
cuts (with the boiling points varying from 100.4 to 372.9 C) and
a ﬁnal residue with a boiling point above 373 C. The material bal-ance (weight, w,%) was performed for the distillation cuts and the
residual oil from the relation in mass values between the crude oil
and its respective distillation cuts and residue. Twelve cuts (named
cuts 1–12) were extracted according to their mass percentages in
the oil source and characterized in terms of the density, TAN, total
sulfur and ESI(±)-FT-ICR MS analyses. The density, the total sulfur
and the TAN values are shown in Table 1.
2.4. ESI(±)-FT-ICR MS
Petroleum samples were analyzed by both ion modes: positive
and negative electrospray ionization, ESI(±). Brieﬂy, the crude
oil and the distillation residue samples were diluted to
0.4–1.2 mg mL1 and distillation cuts of 0.15 mg mL1 in 50:50
(v/v) toluene/methanol (which contained 0.1% m/v of HCOOH for
ESI(+) and NH4OH for ESI()). The resulting solution was directly
infused at a ﬂow rate of 5 lL min1 into the ESI source. The mass
spectrometer (model 9.4 T Solarix, Bruker Daltonics, Bremen, Ger-
many) was set to operate over a mass range of m/z 200–1300. The
ESI(±) source conditions were as follows: a nebulizer gas pressure
of 0.5–1.0 bar, a capillary voltage of 2.5–4.1 kV, and a transfer cap-
illary temperature of 250 C. The ion accumulation time in the
hexapole was 0.01–0.2 s, which was followed by the transportation
to the analyzer cell through the electrostatic lens system. Each
spectrum was acquired by accumulating 200 scans of time-domain
transient signals in 4 mega-point time-domain data sets. The front
and back trapping voltages in the ICR cell were 0.60 V and
0.65 V for ESI() and +0.80 V and +0.85 V for ESI(±), respectively.
All mass spectra were externally calibrated using a NaTFA solution
(m/z from 200–1200) after they were internally recalibrated using
a set of the most abundant homologous alkylated compounds for
each sample. A resolving power (m/Dm50%  500,000, in which
Dm50% is the full peak width at half-maximum peak height) of
m/z 400 and a mass accuracy of <1 ppm provided the unambiguous
molecular formula assignments for singly charged molecular ions.
The mass spectra were acquired and processed using a custom
algorithm developed speciﬁcally for petroleum data processing,
Composer software (Sierra Analytics, Pasadena, CA, USA). The MS
data were processed, and the elemental compositions of the com-
pounds were determined by measuring the m/z values. To help
visualize and interpret the MS data, a typical plot was constructed,
such as a carbon number versus the double bond equivalents
(DBE), where DBE is deﬁned as the number of rings plus the num-
ber of double bonds in a molecular structure. The aromaticity of a
petroleum component can be deduced directly from its DBE value
according to the following equation:
DBE ¼ c  h=2þ n=2þ 1 ð1Þ
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atoms, respectively, in the molecular formula.
2.4.1. ESI(±)-MS/MS
Tandemmass spectrometry (MSn) experiments were performed
on a linear quadrupole ion-trap, LTQ, (Thermo Scientiﬁc, Bremen,
Germany). The spectra were collected in ESI(+) and ESI() using
a max ion source (Thermo Scientiﬁc, Bremen, Germany). The typi-
cal ESI conditions were: (i) n infusion ﬂow rate at 2 lL min1; (ii) a
nebulizing temperature of 240 C; (iii) a sheath gas ﬂow of 16
(arbitrary unit); (iv) an auxiliary gas ﬂow of 5 (arbitrary unit);
(v) and an iso spray voltage of 3.10 kV. Other experimental param-
eters for ESI(+) and ESI() sources were used are, respectively: (vi)
capillary temperature of 220 C; (vii) tube lens of 120 and 100 V;
and (viii) capillary voltage: 35 and 39 V. The ESI(±)MS/MS spectra
were acquired with automatic gain control averaging 5 micro-
scans for each spectrum with isolation window of 1.0 (m/z units)
and 25–45% of the collision energy. The spectra were processed
using the Xcalibur Software (Thermo Scientiﬁc, Bremen, Germany).
2.4.2. Methylation reactions
The methylation procedure for sulfur compounds has been re-
ported in 2010 and 2011 by Liu et al. [27,28] Herein, the methyla-
tion reactions (Fig. 2) were performed only for heavy distillation
cuts such as cuts 11 and 12 and the residual oil because of the high
sulfur content (0.42, 0.43 and 0.71 wt%, respectively (Table 1)).
First, 100 mg of samples were weighted and dissolved in a solution
of methyl iodide (0.1 mmol mL1 in dichloromethane) under con-
tinuous stirring. Afterwards, an alcoholic solution containing
1.0 mmol of silver nitrate was added, and a yellow precipitate sil-
ver iodide was spontaneously formed (silver iodide, see Fig. 2). The
reaction remained under a reduced pressure and constant stirring
during 48 h. Finally, the formed precipitate was removed by centri-
fuge and ﬁltration, and the remaining solution, which contained
sulphonium salts (Fig. 2), was evaporated to ensure a total removal
of impurities such as methyl iodide and dichloromethane. The pro-
duced sulphonium salts were analyzed using ESI(+)-FT-ICR MS.
3. Results and discussion
The physical–chemical characterization (boiling point, weight,
density, total sulfur and TAN) of crude oil and its respective distil-
lation cuts and residue is shown in Table 1. For the crude oil distil-
lation cuts, the total sulfur and TAN values increase by thirty and
seventy times, respectively, when the boiling point increases. The
result is mainly evident when we compare the values obtained
for cut 1 (S = 0.014 wt% and TAN = 0.077 mg KOH g1) and cut 12
(S = 0.43 wt% and TAN = 5.43 mg KOH g1). When the light frac-
tions, which contain mainly hydrocarbons, are removed from the
crude oil, an increase of the S content is also observed from the
crude oil to its distillation residue (0.60? 0.71 wt%). However, a
little reduction in the TAN values is observed (3.19? 3.16 mg
KOH g1). For sulfur heteroatom compound species (Sx classes,
where x = 1–3), this reduction is due to the higher thermal stability
in comparison with the naphthenic acids species. This last can
experience thermal-degradation reactions during the distillationCH3 I        AgNO3 +
S
H2O
EtOH
CH3 I Ag 3
CH3 I Ag+
S
CH3
+ AgI(S)
NO
Fig. 2. Methylation reactions.process and produce low chain length naphthenic acids (C1–C4),
which are improved by its low aromaticity (maximum of DBE ﬃ 4)
[29,30] and low boiling point or can also undergo decarboxylation
reactions as a consequence of this poor thermal stability [31,32].
3.1. ESI(-)-FT-ICR MS
Fig. 3a shows the ESI(-)-FT-ICR mass spectra for cuts 1–12,
which were extracted by the laboratorial petroleum distillation
system, where the naphthenic acids species are detected as depro-
tonated molecules: [M–H] ion. In the light distillation cuts such as
cut 1, the ESI(-)-FT-ICR mass spectrum identiﬁes only ions that cor-
respond to the impurities from the background: [C15H24O–H]:m/z
219.1755, [C16H32O2–H]: m/z 255.2330, [C18H32O2–H]: m/z
279.2330 and [C18H34O2–H]: m/z 281.2487, which most likely
correspond to butylated hydroxytoluene, and palmitic, linoleic
and oleic acids, respectively. These ions do not represent the typi-
cal homologous series observed for naphthenic acid as shown in
the ESI(-)-FT-ICR mass spectra (see cuts 2–12). Additionally, these
impurities are also detected in the other light crude-oil cuts (cuts
1–4), where the naphthenic acid concentration is low (TAN values
vary from ﬃ0.08? 0.76 mg KOH g1) and disappears with the in-
crease in the distillation cut temperature. In general, the presence
of naphthenic acids with lowm/z cannot be disregarded because of
the width of the bulk of light distillation cuts such as cut 1 (mainly,
the linear naphthenic acid that contains a number carbon varying
from C1 to C7). An alternative to identify these light acids species
with a low boiling point T < 171 C andm/z < 150 is to use the other
MS analyzers (such as quadrupole, ion traps, TOF or Orbitraps) or
other analytical techniques (ion chromatography [33] and electro-
phoresis capilar).
The ESI(-)-FT-ICR mass spectra from cuts 2 to 12 show the
detection of 122 naphthenic acid species with m/z ranging from
153 to 421 (see Fig. 3a and Table 1S (Supplementary material)).
Table 1S shows the predicted molecular formulas and their possi-
ble chemical structures from the measured and theoreticalm/z val-
ues, the DBE and the mass error (which is generally lower than
1 ppm). These results are summarized in Fig. 4. Note that besides
the naphthenic acid species that are the majority, phenol analogue
species (O1 Class, DBE = 4)) are also detected with m/z ranging
from 163 to 357, DBEs from 4 to 5 and carbon number from C9
to C25. When the distillation cut temperature increases, the
amounts of O2 species (O2 class) or naphthenic acids also increase
(from 9 compounds for cut 2 to 66 compounds for cut 12), and the
average molecular weight distribution,Mw, shifts to higherm/z val-
ues (Mw = 169? 321 Da) (Fig. 3a). These results are consistent
with previously results obtained by Marshall et al. [34]. Moreover
these results match with the increasing of TAN as the boiling point
increases (Table 1) [24].
One method to display the similarities or differences between
the signal patterns of the crude oil samples and the distillation cuts
is to construct certain types of plots such as the plots of DBE versus
the carbon number. These plots have proven to be useful tools to
differentiate complex organic mixtures based on the chemical
composition [35,36], which shows the distribution of all compo-
nents from a speciﬁc class. Each line in the diagram represents a
homologous series with a speciﬁc DBE value (Fig. 3b).
Fig. 3b shows the plots of the DBE versus the carbon number for
the O2 class of distillation cuts (cuts 1–12), which contain com-
pounds with DBEs ranging from 1 to 9 and carbon numbers ranging
from C9 to C26. For distillation cuts 2 and 3, the most abundant
compounds show a carbon number of C10–C11 with a constant
DBE of 2 (Mw = 169–183 Da). These species are mainly composed
of one naphthenic ring (ﬁve- or six membered) and one carboxyl
group. For the other distillation cuts (cuts 4–12), the maximum
abundance is located for high carbon numbers (varying from C12
Fig. 3. (a)ESI()-FT-ICR MS for the distillation cuts and (b) plots of DBE versus carbon number for the O2 class of distillation cuts.
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naphthenic rings and one carboxyl group (see the proposed struc-
ture in Fig. 4 and Table 1S).
Some studies in literature report the correlation between the
chemical composition of crude oil and the corrosion process
[24,37]. In 2012, Huang et al. [29] studied the synergy effect of
naphthenic acid corrosion and sulfur corrosion at high tempera-
ture (280 C) in a crude oil distillation unit using Q235 carbon–
manganese steel and 316 stainless steel. In a corrosion media
containing only sulfur (from 1 to 5 wt%), the corrosion rate ofQ235 and 316 ﬁrst increased and then decreased with the
increasing of sulfur content. However, when the naphthenic acid
and the sulfur compounds were added together (in the ﬁrst case,
the TAN ranged from 3 to 15 mg KOH g1 with S of 1 wt%, and in
the second case, TAN = 6 mg KOH g1, and S ranged from 1 to
5 wt%), a synergy effect on the corrosion rate was observed in
Q235 and 316. In the same year, Freitas et al. [24] studied the ef-
fect of composition of heavy distillation cuts from heavy crude oil
(density = 0.93 and TAN = 1.93 mg KOH g1) on the corrosion pro-
cess. The cuts with boiling temperatures lower than 315 C and
1 Mw was obtained from the petroleum data processing using Composer software,
where ﬃ92% signals were assigned.
Fig. 4. Possible chemical structures for O2, O1 and N classes present in the crude oil distillation cuts, which contain their respective DBE, m/z and carbon number values.
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to the ESI(-)-FT-ICR MS results, the naphthenic acid species were
detected in the six cuts studied (cuts 2–7), with m/z < 300 and
DBEs ranging from 2 to 4. Similarly, the relative abundance of
heavy naphthenic acids and the TAN increase with the distillation
cut temperature. This information correlated with the corrosion
mechanism for AISI 1020 steel in the heavy oil and the distillation
cuts, where the corrosion was more evident in the oil distillation
cuts that were characterized as alveolar and pitting. In addition,
Piehl [38] and Slavcheva et al. [39] show that the corrosion rate
had increased (from 0.30 mm/y to 1.27 mm/y) as a function of
boiling point (from 204 C to 371 C) for cuts with TAN ﬃ2 mg
KOH g1. It also increased (from 1.27 mm/y to 2.08 mm/y) as a
function of TAN (from 2 mg KOH g1 to 10 mg KOH g1) at
371 C [40]. Therefore, it is expected that the heavy distillation
cuts will be more corrosive than the light distillation cuts. In
other words, the corrosion rate will increase in the following or-
der: naphtha (cuts 1–2) < kerosene (cuts 3–4) < gas oil (cuts 5–
12). Additionally, the corrosion process can be contributed by
the sulfur compound species [29], which mainly present in the
heavy distillation cuts (cuts 5–12) (Table 1).
Finally, alternative methods have recently been developed to
reduce the amount of naphthenic acid species and consequently
the corrosion rate [41,42,31]. These processes normally involve
critical and expensive conditions such as high temperatures
(300–400 C) and an inert N2 atmosphere [33], the use of supercrit-
ical water in a batch reactor at 500 C and 50 MPa [34], or thermal
cracking and catalytic decarboxylation over alkaline earth-metal
oxides and ZnO catalysts [35].Fig. 5a and b shows the ESI(-)-FT-ICR mass spectra for the crude
oil (5a) and its respective distillation residue (5b), with m/z range
from 200 to 1000, which correspond primarily to naphthenic acids
and carbazole analogue species. An expansion in the m/z region of
400–410 allows the comparison of the relative intensity of the two
main species identiﬁed (the insets in Fig. 5a and b). Note that the
relative abundance of the heavy naphthenic acids decreases from
the crude oil to its residue distillation. This reduction is due to
the migration of light species during the distillation process from
the crude oil studied to the cuts; consequently, the Mw is shifted
and broadened to high values (603 Da? 627 Da1). It is more evi-
dent when we analyze the plots of DBE versus carbon number for
the O2 and N classes of crude oil (Fig. 5c–e) and its residue distilla-
tion (Fig. 5d–f). Both classes are affected by the atmospheric distilla-
tion process. Initially, the high abundance of hydrocarbon
homologous series of polar markers for the N class ranged from
C34 (Fig. 5c, crude oil) to C44 (Fig. 5d, residue distillation), with the
maximum DBE constant in aromaticity, DBE = 14. It is due to the io-
nic suppression phenomenon, which is caused by removing the
naphthenic acids with carbon numbers than lower C20 from the
crude oil and dissolving them along the distillation cuts at tempera-
tures between 100 and 373 C (see the highlighted area in bold in the
region of number carbon between C10 and C20, Fig. 5e and f). Gener-
ally, for the O2 class, the maximum values of the abundance distri-
bution remained constant: C31 and DBE 3. These results are similar
to reported in the literature [43].
Fig. 5. ESI()-FT-ICR MS for (a) crude oil and (b) residue distillation; plots of DBE versus carbon number for the N and O2 classes that correspond to (c–e) the crude oil and (d–
f) the residue distillation. The carbon number abundance distribution maximum (red arrow) shifts from C34 (crude oil, 3c) to C44 (residue distillation, 3d) for the N class.
The DBE values remained constant in aromaticity: DBE = 14. For the O2 class, the maximum values of the abundance distributions remained constant: ﬃC31 and DBE = 3. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Similar to the ESI(-)-FT-ICR MS results, the ESI(+)-FT-ICR mass
spectra for the distillation cuts 1–12 (Fig. 6a and b), the crude oil
and its residue (Fig. 7a–d) are shown. Now, the polar species from
pyridine derivatives (Nx class) are detected as the protonated mol-
ecules: [M + H]+ ion. Again, for the light distillation cuts (cut 1), the
ESI(+)-FT-ICR mass spectrum identiﬁes the ions corresponding to
impurities such as m/z 301 (which originated from methanol that
is used in the preparation of the solution). For the other cuts (cuts2–12), the ESI(+)-FT-ICR mass spectra show the detection of ﬃ100
compounds (the number is lower than that observed for the naph-
thenic acidic species). These species show m/z ranging from 160 to
414 (Fig. 6a). Table 2S (Supplementary material) shows the pre-
dicted molecular formulas and their possible chemical structures
of most pyridine derivative species, which are obtained from the
measured and the theoretical m/z values, DBE and mass error.
The results are summarized in Fig. 4. Note that when the distilla-
tion cut temperature increases, the amount of nitrogen species
identiﬁed (N class) increases, and the Mw shifts toward higher
Fig. 6. (a) ESI(+)-FT-ICR MS for the distillation cuts: detection of ﬃ100 pyridine derivative species that show m/z ranging from 160 to 414; (b) plot of DBE versus carbon
number for the N class: for the light distillation cuts (3–6), the most abundant compounds show carbon numbers of C12–C18 with DBE = 4; whereas for the heavy distillation
cuts (8–12), we observed carbon numbers of C20–C24 and DBE = 6.
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Mw = 340 Da for cut 12) (Fig. 6a).
Fig. 6b shows the plots of the DBE versus the carbon number for
the N class of distillation cuts (cuts 1–12), which there are com-
pounds with DBEs ranging from 3 to 10 and carbon numbers rang-
ing from C11 to C29. For distillation cut 3, the most abundant
compounds show a carbon number of C12 and a constant DBE of
4. These species are mainly composed of one pyridine ring (six
membered containing an N atom) and one alkyl group (R)
(Fig. 4). For the other distillation cuts (cuts 8–12), the maximum
abundance is located at high carbon numbers (changing from C20to C24) with a constant DBE of 6, which is now composed of one
pyridine ring and two naphthenic ring (ﬁve- or six-membered).
Fig. 7a and b shows the ESI(+)-FT-ICR mass spectra for crude oil
(7a) and its respective distillation residue (7b), where m/z ranges
from 200 to 1000. Generally, the Mw is subtlety shifted and broad-
ened to high values (ﬃ500 Da? 550 Da), which is more evident
when we compare the plots of DBE versus carbon number for the
pyridine derivative species (N class) of crude oil (Fig. 7c) and its
residue distillation (Fig. 7d). The high abundance hydrocarbon
homologous series of polar markers for the N class ranges from
C35 (Fig. 7c, crude oil) to C40 (Fig. 7d, residue distillation), and the
Fig. 7. ESI(+)-FT-ICR MS for (a) crude oil and (b) residue distillation; plots of DBE versus carbon number for the N class of (c) crude oil and (d) its residue distillation.
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due to the removal of nitrogen species with low chain length (from
C11 to C29) from the crude oil during the atmospheric distillation
process (see the highlighted area in bold in the region of number
carbon between C10 and C30 in Fig. 7c and d).
For both oils, the N compound class is the most abundant class
(ﬃ90%). The N2 class is the second most abundant (ﬃ7%), followed
by the NO class (ﬃ3%). The distillation process removes primarily
nitrogen compound species (N class) from the crude oil to the dis-
tillation cuts (Fig. 6), and consequently, a small decrease in the rel-
ative intensity of the N class (90? 88%) and an increase of the N2
class (7? 9%) is observed.3.3. Methylation reaction
Fig. 8a–c shows the ESI(+)-FT-ICR mass spectra for the heavy
distillation cuts (cuts 11 and 12, 8a and b) and the distillation res-
idue (8c) derived from methyl sulfonium salts with Mw = 326, 340
and 767 Da, respectively. An expansion in the m/z regions of m/z316–340 (8a),m/z 360–380 (8b) andm/z 730–740 (8c) summarizes
the identiﬁcation of the presence of sulfur class species. A total of
51, 53 and 304 sulfur species were detected from distillation cuts
11, 12 and the residue. Note that the basic nitrogen class species
are also identiﬁed due to the lower pKa values (pKa ﬃ 5.3)
(Fig. 8a and b) when compared to the sulfur class species (benzo-
thiophene, pKa  33 and thiols groups, pka  10.5). In all cases,
the presence of the S1 class is observed to correspond to sulﬁdes
and thiophenic compounds.
The S1 class can be visualized similarly to the plots of the DBE
versus the carbon number of the heavy distillation cuts (cuts 11,
and 12, Fig. 9a and b) and the distillation residue (Fig. 9c). For
the heavy distillation cuts, there are compounds with DBEs ranging
from 0 to 6 and carbon numbers ranging from C18 to C30. The most
abundant compounds show carbon numbers of C23 (for cut 11) and
C25 (for cut 12) with a constant DBE of 3 (Fig. 9a and b). For the dis-
tillation residue, DBEs and carbon number ranging from 0 to 8 and
C35 to C70, respectively, were observed with maxima of DBE = 4 and
C43 (Fig. 9c).
Fig. 8. ESI(+)-FT-ICR MS spectra for cuts (a) 11 and (b) 12, and (c) distillation residue derived from methyl sulfonium salt.
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distribution of sulﬁde and thiophenic compounds in four subfrac-
tions of Kazakhstan vacuum gas oil (the simulated distillation
curves of the VGO subfractions ranged from 150 to 600 C). Thesamples hadMw ranging from 250 to 500 Da with the S1 class spe-
cies being the majority, where DBE valuesP6 are likely thiophenic
compounds, whereas those with DBE values 66 are sulﬁdes. There-
fore, for the heavy distillation cuts and residue, the sulﬁde class
Fig. 9. Plots of DBE versus carbon number for S1 class of heavy distillation cuts (cuts 11 and 12) and distillation residue derived from methyl sulfonium salts.
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aliphatic sulﬁdes. Those with DBEs =1 and 2 are one- and two-cyc-
lic-ring sulﬁdes, respectively. For the S1 class, the species with DBE
=3 are likely tricyclic-ring sulﬁdes. The S1 class species with DBEs
P4 are likely cyclic-ring or aromatic sulﬁdes. The S1 class species
with DBEsP6 are presents only in the distillation residue and cor-
respond to benzothiophene and dibenzothiophene compounds
[9,22]. In 2010, the same group [21] worked in methylsulfonium
salt characterization in crude oil and its fractions (saturates, aro-
matics, resins, and asphaltenes). For crude oil and its light fractions
(saturates and aromatics), the S1 class had the highest relativeintensity, which is in good agreement with our results. Addition-
ally, the other sulfur class species were also identiﬁed (S2, O2S1,
O1S1, N1S1, S3, O1S2 and O2S1).
3.4. ESI(±)-MS/MS
To conﬁrm the structures and the connectivity of some com-
pound classes that are more abundant (O2, O and N classes), which
were identiﬁed using ESI(±)-FT-ICR MS, the ESI()-MS/MS spectra
were acquired for the ions [C11H22O2–H] and [C15H24O–H] of
m/z 185.1549 and 219.1755 and ESI(+)-MS/MS for ion
G.P. Dalmaschio et al. / Fuel 115 (2014) 190–202 201[C26H35N + H]+ of m/z 326.2840 (Fig. 10a–c). This approach identi-
ﬁes the characteristic loss and conﬁrms the existence of O2 com-
pounds such as the carboxylic acids, O compounds such as
phenolic alkylated (which has DBE = 4), and N compounds such
as the pyridinic derivatives.
Initially, for Fig. 10a, the CID experiment of ion [C11H22O2–H]
of m/z 185.1549 produces fragments with m/z 167, 141 and 125,
which correspond to the neutral losses of 18 Da (H2O), 44 Da
(CO2) and 60 Da (acetic acid, CH3CO2H), respectively. Meanwhile,
the ESI()MS/MS of the ion [C15H24O–H] of m/z 219.1755 pro-
duces fragments of m/z 201 (via neutral loss of H2O) and a series
of signals (m/z 190, 176, 162, 147 and 133), which are attributed
to the alkyl chain fragmentation (Fig. 10b). These fragmentation
patterns allow for the identiﬁcation of phenolic derivative species
(O1 class) with DBE = 4, where its alkyl chain varies as a function of
the carbon number. Finally, for the ESI(+)MS/MS spectrum of ion
[C26H35N + H]+ of m/z 326.2840, a classic fragmentation pattern
of the alkyl chain is observed (in most cases, the neutral loss of
C2H4 and 28 Da are observed), which is proposed to represent a
pyridinic ring and a large alkyl chain (Fig. 10c).4. Conclusion
Electrospray ionization Fourier transform ion cyclotron reso-
nance mass spectrometry (ESI(±)-FT-ICR MS) had been demon-
strated as a powerful analytical tool in the chemical typiﬁcation
of polar compound species. For oxygen-containing species, the
ESI()-FT-ICR MS spectra showed the detection of 122 naphthenic
acid species in the distillation cuts with m/z ranging from 153 to
421. When the distillation cut temperature increased, the amount
of O2 species increased (from 9 for cut 2 to 66 for cut 12), and the
average molecular weight distribution, Mw, shifted to higher m/z
values (Mw = 169? 321 Da). These results were consistent with
the increase of TAN with the boiling point. The plots of the DBE
versus the carbon number for the O2 class for the heavy distillation
cuts (cuts 4–12) suggested a maximum abundance for the carbon
numbers of C12–C18 with a constant DBE of 3. The basic structure
of these species is composed of two naphthenic rings and one car-
boxyl group. The phenol analogue species were also detected (O1
Class, DBE = 4–5) with m/z ranging from 163 to 357 and carbon
number ranging from C9 to C25. For the ESI(+)-FT-ICR MS spectra,
approximately 100 nitrogen compound species were detected with
m/z ranging from 160 to 414. Similar to the ESI()-FT-ICR results,
the amount of nitrogen species increased, and the Mw shifted for
high values (6 species and Mw = 206 Da for cut 3; and 64 species
and Mw = 340 Da for cut 12). The structures and the connectivity
of naphthenic acids, phenols and pyridines were conﬁrmed using
ESI(±)-MS/MS, where the typical neutral losses were detected such
as 18 Da, 44 Da and 60 for naphthenic acid and 18 Da for phenolic
derivative species. A classic fragmentation pattern corresponding
to the alkyl chain was observed for the pyridine species.
Methylation reactions have been demonstrated as an efﬁcient
analytical method to detect sulfur compound species. The most
abundant compounds in the heavy distillation cuts presented C23
(for cut 11) and C25 (for cut 12) with a constant DBE of 3. For the
distillation residue, the maxima of DBEs and the carbon number
were DBE = 4 and C43. These results suggested the presence of sul-
ﬁde class species as the majority structure (cyclic-rings or aromatic
sulﬁdes), i.e., the S1 class.Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.fuel.2013.07.008.References
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